Axions have been shown to form miniclusters or boson stars typically with their mass, ∼ 10 −12 M ⊙ in the early Universe. We show that the axion miniclusters and the axion boson stars in galactic magnetic fields produce radiations with the frequency approximately equal to the mass of an axion. This is because these coherent axion clumps have oscillating electric dipole moments in the magnetic fields. In the case of axion mass, 10 −5 eV, their luminosity of the radiation is given such as ∼ 10 8 L ⊙ ( 10 −3 L ⊙ ) for the miniclusters ( the boson stars ) under the galactic magnetic field, 10 −6 G. 14.80. Mz, 98.80.Cq, 95.30.+d, 05.30.Jp, Axion, Dark Matter, Radiation Typeset using REVT E X 1
The axion is the Goldstone boson associated with Peccei-Quinn symmetry [1] , which was introduced to solve naturally the strong CP problem. In the early Universe some of the axions condense and form topological objects [2, 3] , i.e. strings and domain walls, although they decay below the temperature of QCD phase transition. After their decay, however, they have been shown to leave a magnetic field [4] as well as cold axion gas as observable effects in the present Universe; the field is a candidate of a primordial magnetic field leading to galactic magnetic fields observed in the present Universe.
In addition to these topological objects, the existence of coherent axion miniclusters has been argued [5, 6] . It have been shown numerically [6] that in the early Universe, axion clumps are formed around the period of 1 GeV owing to both the nonlinearity of an axion potential and the inhomogeneity of coherent axion oscillation on the scale beyond the horizon. These clumps are called axitons since they are similar to solitons in a sense that its energy is localized. Then, the axitons contract gravitationally to axion miniclusters [7] after separating out from the cosmological expansion even before the period of equal matter and radiation energy densities. They are coherent bosonic objects contrary to incoherent axion gas generated by the axion strings or the coherent axion oscillation. Furthermore, depending on their energy densities, some of these miniclusters may contract gravitationally to boson stars [8, 6, 9] , while the others remain to be the miniclusters. Eventually we expect that in the present Universe, there exist the axion miniclusters and the axion boson stars as well as the incoherent axion gas as dark matter candidates. It has been estimated [10] that a fairly amount of the fraction of the axion dark matter comprises these coherent axion clumps. An observational implication of these objects has been discussed [10] .
In this letter we wish to point out another intriguing observable effect yielded by these coherent axion clumps. Namely, they produce strong radiations in the galactic magnetic fields. The coherent axions are transformed into photons in the magnetic field; the energies of the photons are the order of the axion mass. The luminosity of the radiation is shown to be typically ∼ 10 41 erg/sec for the miniclusters and ∼ 10 30 erg/sec for the boson stars with their masses ∼ 10 −12 M ⊙ in the galactic magnetic field ∼ 10 −6 G. The precise values of the luminosity depend on axion models and cosmological parameters, e.g. Hubble constant, etc. Now we show how the radiation is generated from these coherent axion objects in a magnetic field. The point is that the axion couples with photons in the following way,
with f being the axion decay constant, where a is axion field and, E and B are electric and magnetic fields respectively. The value of c depends on the axion models; typically it is the order of one for DFSZ axion models [11] or the order of α/2π = 1/(137 × 2π) ∼ 10 −3 for hadronic axion models [12] . The value of f is constrained from cosmological and astrophysical considerations [3] ; 10 10 GeV < f < 10 12 GeV. It is easy to see from this interaction that the coherent axion field may have electric charge density −c ∂a · B/f in the magnetic field B [13] . We assume that the field B = (0, 0, B) is spatially uniform and that the geometry of the axion field a representing the miniclusters or the boson stars is spherical. Then we understand easily that this axion object has a charge distribution such that it has negative charges on a hemisphere ( z > 0 ) and positive charges on the other side of the sphere ( z < 0 ). Net charge is zero. Therefore it has a dipole moment, P . Furthermore, the field a ( or the dipole moment P ) oscillates coherently with a frequency approximately being the mass m a of the axion; since the radius of miniclusters or boson stars is much larger than the Compton wavelength of the axion, its momentum is much smaller than m a ( 10 −5 eV < m a < 10 −3 eV corresponding to the values of f ). This oscillation of the dipole moment generates the radiation. Hence the luminosity, L of the objects can be found
where ρ is the energy density of the objects; ρ ≡ ((∂a)
Here we have assumed that the frequency of the oscillation is m a and that the field a representing the spherical configuration with radius R is given by
with r being the radial coordinate. As L is proportional to R 6 , astrophysically large objects such as the miniclusters ( R ∼ 10 10 cm ) produce strong radiations even if the amplitude of the axion θ 0 ( ∼ 10 −13 ) is quite small.
This formula of the luminosity may be understood in the following way. Since a mixing angle [14] of an axion and a photon generated by the interaction eq(1) is the order of cB/f m a in the magnetic field B, equations of motion of gauge potentials A i can be derived such as
Hence, the oscillation of this current cB i m a a/f produces the radiation just as presented in eq(2).
We also comment that these oscillating dipole moments are not screened in the early
Universe. This is because their frequency, 10 GHz ∼ 10 3 GHz, is higher than the interaction rate of the charged particles in the Universe with its temperature below 1 GeV.
Now we apply the formula eq(2) to both the axion miniclusters and the axion boson stars. These objects are specified with two parameters, radius R or energy density ρ, and mass M. Let us first discuss the case of the miniclusters. Their radii or densities have been shown [6, 10] to be given by
where Ω a is the ratio of the axion energy density to the critical density, ρ c = 3H 2 m 2 pl /8π; m pl is Planck mass and H is Hubble constant ( H = 100h km sec
. Φ is a parameter describing the enhancement of the energy density ρ ax of the clumps, i.e. the axitons which contract gravitationally to the miniclusters, compared with the average energy density ρ a of the axions; ρ ax = (1 + Φ)ρ a . It has been shown numerically [6, 10] that the value of Φ varies from 1 to 10 4 . The mass of the minicluster is determined by the condition that the axitons are formed by gathering axions inside the horizon at the temperature ∼ 1 GeV.
Hence the maximal one is about 10
Typically the mass of the minicluster has been shown to be 10
Using these parameters we estimate the luminosity of the axion minicluster,
Comparing the solar luminosity L ⊙ , we find that L ∼ 10 It seems that as the radius R becomes smaller, the life time becomes longer. But we should note that smaller radius means larger energy density, which makes the minicluster contract more rapidly to the boson star [6, 7, 10] . It has actually been argued that the minicluster with its energy density larger than 3 × 10 −9 (Ω a h 2 ) 4 g cm −3 or Φ > 30, looses the kinetic energy of the axions and that a more condensed boson star is formed. Hence we expect that there are no such miniclusters with Φ > 30 in the present Universe. Instead we expect that there exist axion boson stars.
So next let us consider the luminosity of the boson stars. Their radii or energy densities have been shown [9] to be approximately given by
or
where we have used a result of a free complex boson field in a nonrelativistic limit since the mass M ( ∼ 10 −12 M ⊙ ) is much smaller than a critical mass ∼ m 2 pl /m a . ; relativistic effects begin to emerge only around the critical mass. A similar result [15] has been obtained for a real scalar field in a fully relativistic treatment. We may explicitly check the validity for the use of the free field. Actually, the density eq(8) leads to small amplitude of axion field a ∼ 10 −8 f so that nonlinearity does not arise. Hence the result obtained for the free field is applicable to the axion boson stars.
Using these parameters we evaluate luminosities of the axion boson stars,
We understand that the luminosity L increases as the mass of the star decreases. This is because the radius is scaled such as m Finally we wish to discuss whether or not primordial magnetic fields [4, 16] produced before the period of the recombination, make the axitons emit sufficient amount of the radiation and decay until they form the miniclusters or the boson stars. Especially we evaluate an upper limit on the strength of the field at the period of the equal radiation and matter energy densities, in order for the axitons to be able to form the clumps.
We note that when the life time t 0 evaluated at a period is longer than the age of the Universe H −1 at the period, the axitons do not decay around the period. Furthermore, we note that the luminosity in eq(6), which we assume for the axitons, decreases linearly with the temperature T . This is because the radius R of the axitons increases as T in the quite early Universe where the axitons do not decay. In order for them to form the miniclusters or the boson stars, they must not decay before the period T = T eq ∼ 10 eV of equal radiation and matter energy densities. Therefore we may obtain the upper limit on the strength of the magnetic field at the period T = T eq by solving the equation,
Since the radius of the axitons is typically the order of 10 3 cm at T ∼ 100 MeV as shown numerically [6] , its radius becomes 10 10 cm at T = T eq . Thus equating t 0 with H −1 ∼ 10 3 yr, we obtain the limit such as B ≤ 10 
